Abstract The co-chaperone Hop [heat shock protein (HSP) organising protein] is known to bind both Hsp70 and Hsp90. Hop comprises three repeats of a tetratricopeptide repeat (TPR) domain, each consisting of three TPR motifs. The first and last TPR domains are followed by a domain containing several dipeptide (DP) repeats called the DP domain. These analyses suggest that the hop genes result from successive recombination events of an ancestral TPR-DP module. From a hydrophobic cluster analysis of homologous Hop protein sequences derived from gene families, we can postulate that shifts in the open reading frames are at the origin of the present sequences. Moreover, these shifts can be related to the presence or absence of biological function. We propose to extend the family of Hop co-chaperons into the kingdom of bacteria, as several structurally related genes have been identified by hydrophobic cluster analysis. We also provide evidence of common structural characteristics between hop and hip genes, suggesting a shared precursor of ancestral TPR-DP domains.
Introduction
The first sequenced hop gene was an open reading frame (ORF) coding for a protein related to stress response in Saccharomyces cerevisiae (STI1); however, the function was not clearly established, although some experiments suggested it was involved in activating heat shock proteins (HSPs; Nicolet and Craig 1989) . Homologous proteins were successively characterized in Homo sapiens (IEF SSP 3521; Honoré et al. 1992 ) and soybean (Glycine max sti, GMSTI; Torres et al. 1995) . Lately, two soybean ESTs, GmHop1 and GmHop2, were reported; neither were homologous to GMSTI (Zhang et al. 2003) . The human IEF SSP 3521 was described as interacting with Hsp70 and Hsp90 and was renamed Hsp70/90 organizing protein (Hop).
Numerous alternative names of Hop exist and are: p60 (Chen et al. 1996) ; RF-HSP70 (Gross and Hessefort 1992) ; Stip1 (Mizrak et al. 2006) ; and mSTI1 (Blatch et al. 1997) . Two genes have been described in the plant Arabidopsis thaliana and Interpro (Mulder and Apweiler 2008) ; in addition to those in soybean, the presence of several hop genes is mentioned for various plant species.
Structural analysis of GMSTI protein revealed the presence of a tetratricopeptide repeat (TPR) domain, the first known in a plant. It is composed of a 34 amino acid (aa) motif, called TPR motif (for tetratricopeptide repeat), which is repeated several times with some degeneracy. Throughout this paper, we will call TPR motif this 34 aa repeat and TPR domain several successive TPR motifs forming a domain. Scheufler et al. (2000) were able to define three TPR domains in human Hop, namely, TPR1 (4-118), , with a fairly homologous sequence identity of 29% between TPR1 and TPR2A and of 34% between TPR1 and TPR2B. The C-terminal 70 aa of Hop is termed DP due to a number of dipeptide repeats (Chen and Smith 1998) . The 100 aa long region separating TPR1 from TPR2A is composed of a duplication of this DP domain, followed by a hinge region. Recently, the two domains following TPR1 and TPR2B have been called DP1 and DP2, respectively (Carrigan et al. 2005) , and they share 27% sequence identity.
TPR domains are likely to be ancient since they are found in Eukarya, Bacteria, and Archaea in many different subfamilies, such as kinesin light chains, SNAP secretory proteins, and clathrin heavy chains (Andrade et al. 2001) . The TPR and DP domains are, however, only found together in Hop and Hip (Hsp70 interacting protein) homologs (Nelson et al. 2003) . Each TPR domain contains three TPR motifs (34 aa), and each motif gives rise to a structure composed of two successive alpha helices. Therefore, a TPR domain comprises six helices, named A1, B1, A2, B2, A3, and B3. A seventh helix, called C, can sometimes be found at the C-terminal end, but its sequence is highly divergent from the six other helices. A global propensity to build a TPR motif has been derived from a multiple alignment of 1,827 TPR motifs (not domains; Main et al. 2003) , and one third of the consensus is composed of topologically conserved hydrophobic residues, even if non-hydrophobic residues in TPR domains are involved in the binding to the HSP chaperons (Liu et al. 1999) .
TPR domains are involved in many protein-protein interactions and act as co-chaperons (Blatch and Lässle 1999) . The structure of human Hop has been solved for the TPR1 and TPR2A domains complexed with C-terminal peptides containing the EEVD motif from Hsp70 and Hsp90 (PDB codes 1ELW and 1ELR, respectively). Currently, there is no structure available for any DP domain, although complete models of human Hop are proposed in ModBase (code P31948) ranging from 6% to 22% sequence identity with the templates. A complex is formed between Hop, Hsp70, and Hsp90 in order to produce steroid receptor maturation (Kimmins and MacRae 2000) . Hop interacts simultaneously with the EEVD Cterminal motif of Hsp70 through its TPR1 domain and with the same highly conserved motif of Hsp90 through its TPR2A motif (Demand et al. 1998; Carrello et al. 1999 ), thus, acting as an adaptor protein (Chen and Smith 1998; Odunuga et al. 2004) .
Several Hop-containing multiprotein complexes are present in eukaryotes with different functions (reviewed in Odunuga et al. 2004 ) such as: oligomerization of HSF1; protein folding for Gcn2, Hsp104, CDC37, and Harc complexes; translocation of prion protein complexes; activation of hepatitis B virus reverse transcriptase complex; activation of Drosophila ecdysone EcR/USP receptor; and cell division with the 20S cytosome complex. In humans, the Hop protein described (IEF SSP 3521) mentioned the presence of one single functional gene with five variations, "corresponding more to charge variants than to a family of related proteins" (Honoré et al. 1992) , allowing diversity in subcellular location. Isoforms can be due to post translational modifications, which depend on subcellular location or to different sequences. The latter point can be determined by HCA analysis.
In this paper, we explain the absence of DP1 domain in some species, such as Drosophila, or the absence of typical signature in GMSTI-DP1 and TcSTI1-DP2 (Trypanosoma cruzi STI). For the latter situation, we propose that shifts in the open reading frames of the genes result in the absence of DP1 or DP2, respectively. The behavior of DP domains as a potential globular domain, instead of a simple hinge region, will be discussed.
We will focus on the fact that hop genes are composed of several modules, defined as a set of exons surrounded by introns of the same phase. Hop is composed of three main modules surrounded by introns of phase 0. To date, Hip is the only known protein to contain TPR domains, located in the C-terminal region in proximity to a DP domain. Like Hop, Hip has been reported to bind to Hsp70 proteins. An alignment of TPR1-DP from Hop with the TPR-DP domains of Hip has been performed by means of HCA plots, and a genomic analysis is performed.
It has long been believed that Hop is ubiquitous in the eukaryotic world but absent in prokaryotes. The presence of a short Hop-like protein in a bacterium has been revealed from homology between DP domains in the Interpro database. In this article, we describe the GerD sequence from Bacillus subtilis (CAB11931) as a novel Hop-like protein. We propose that the GerD sequence is similar to one TPR-DP unit, revealing, therefore, the existence of a TPR domain in GerD. This discovery then suggests the presence of a common ancestor of Hop and GerD proteins.
Materials and methods

Hydrophobic cluster analysis
HCA is a method of drawing a sequence on a scaffold corresponding to an alpha helix. The sequence is written along the surface of an infinite cylinder, projected into 2D space; the image is duplicated in order to display the local environment for each amino acid resulting in clustering of neighboring hydrophobic residues. HCA realizes tightening of the sequence around hydrophobic amino acids. It has been statistically demonstrated that centers of the clusters correspond to the centers of regular secondary structures (Woodcock et al. 1992) . The shapes of the clusters are keen indication of the nature of the secondary structure (Callebaut et al. 1997) , due to the fact that the sequence is threaded along a fixed scaffold, a helix. As distribution of hydrophobic residues is different in strands (all residues are hydrophobic if the strand is buried and half of them if the strand faces the solvent) and in helices (most of helices are not buried, and there are 3.6 residues per turn), the clustering of the hydrophobic amino acids produces different patterns. Clusters are roughly vertical when they code for a strand, while they are fairly horizontal when they code for a helix. When analyzing a pair of HCA plots, one does not pay much attention to the exact conservation of the residues inside the clusters but rather to the conserved shapes of the clusters, keeping in mind the underlying idea that shape is a testimony of the secondary structure. Thus, it allows alignments between very distantly related proteins, with as low as 10% sequence identity. Guidelines for the method and access to the HCA program are available from http://www.lmcp. jussieu.fr/%7Emornon/hca.html.
Most interacting residue simulations
Lattice simulations have been performed in order to predict, from the sequence, the residues involved in the folding nucleus. Briefly, an initial conformation is chosen so that the C-alpha carbons are distributed at random on the nodes of a lattice, provided continuity of the backbone and self avoiding walk are accomplished. Displacements of the residues on empty nodes of the lattice are allowed following the Monte Carlo criterion until the chain reaches a sufficiently compact state. The mean number of neighbors is recorded, and the most interacting residues (MIRs) correspond to structurally important residues as they match the folding nucleus (Papandreou et al. 1998 (Papandreou et al. , 2004 . Therefore, the density of MIR is a powerful tool for estimating the probability of a folded domain.
Intron phase definition
As stated by Patthy (1987) , introns of protein genes are grouped following their position relative to the reading frame of the genes: phase 0 introns are those lying between two codons, e.g., 5′GAC CAG:GT-intron-AG:GTC ATG3′; phase 1 introns are those lying between the first and second nucleotides of a codon, e.g., 5′GA CCA G:GT -intron-AG:GT CAT G3′, and phase 2 introns are those lying between the second and third nucleotides of a codon, e.g., 5′G ACC AG:GT-intron-AG:G TCA TG3′.
Results
Hop orthologs lack DP1 or DP2 domains
Results from deletion mutants have been inconclusive, regarding the importance of DP1 domain for Hop activity (Chen and Smith 1998; Carrigan et al. 2004; Flom et al. 2007) . DP2 has recently been demonstrated to be essential for the in vivo function (Flom et al. 2006) . To further understand the role that DP domains may play in Hop, we examined two atypical orthologs from soybean (G. max) and T. cruzi with numerous alterations in aa composition of DP1 or DP2 sequences, presumably producing inactivity.
Several soybean genes have been reported to code for Hop protein: gmsti, which is convergently transcribed with nuclear fus genes (Torres et al. 1995) and two closely related genes (GmHop-1 and GmHop-2), which share nearly 90% nucleotide identity (Zhang et al. 2003) . The unaltered GMSTI sequence (CAA56165) is called GMSTIrf1 in Fig. 1a . Comparison between the HCA profiles of GmHop-1 and GMSTI-rf1 reveal conserved shaped hydrophobic clusters at both ends of DP1 domain between aa 120-137 and aa [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] (Fig. 1a) . The central region of DP1 lacks secondary structure and long hydrophobic regions (Fig. 1a) ; suggesting that the assumption of one third of a protein density is composed of hydrophobic residues is incorrect for GMSTI-rf1. The second and third reading frames of gmsti gene give rise to the sequences named GMSTI-rf2 and GMSTI-rf3, respectively. The central region of rf2 and the N-terminal sequence of rf3 from the DP1 domain are equivalent to those of GmHop-1 and AtHop. Thus, rf3 contains the residues (120-145) and rf2 residues (146-172) of the missing fragment caused by the mutation described for GMSTI-rf1. This suggests that multiple mutations in the gmsti gene have occurred in the DP1 domain, thus, shifting the ORF to the reading frames 2 and 3 then returning to the original ORF near aa 173. The limits of the shifted regions are delineated by broken lines with up and down arrows in Fig. 1 . In order to guarantee reliability of the gmsti cDNA sequence, an exhaustive reading of sequencing gels was performed with great care (Torres et al. 1995) , confirming the hypothesis of a double shift, thus, leading to the globular nature of the GmHop1-DP1 domain.
The second case of a possible frameshift concerns the DP2 domain of the putative T. cruzi gene TcHop2 (AAC97378) in relation to its paralog (EAN97552). The Fig. 1 HCA plots of the DP domains. Conserved hydrophobic clusters are grey shaded. Relevant nonhydrophobic identities are indicated on a black background and DP repeats by squares. The three reading frames are shown from the same gene sequence. Arrows delineate the location of the residues lost because of the frame shifts and that are recovered in the noncoding reading frames. Vertical lines connect the occurrences of the DP repeats. a DP1 domain HCA plots. AtHop putative A. thaliana Hop (NP_176461); GmHop-1 G. max Hop-1 (Zhang et al. 2003) ; GMSTI-rf1, rf2, and rf3 reading frames 1 (coding), 2, and 3 (noncoding) from G. max GMSTI (Torres et al. 1995) . b DP2 domain HCA plots. TbHop putative T. brucei Hop (XP_825513); TcHop1 putative T. cruzi Hop1 (EAN97552); TcHop2-rf1 and TcHop2-rf3 correspond to the reading frames 1 (coding) and 3 (noncoding) from T. cruzi Hop2 (AAC97378), respectively. The onset helps interpreting the HCA plots. Because of the duplication (see "Materials and methods"), sequence is read vertically, one line over two, and the secondary structure is read horizontally, a cluster corresponding statistically to a regular secondary structure actual sequence of TcHop2 gives rise to clusters compatible with Hop in the DP1 and hinge regions (data not shown); however, after the first 20 aa of DP2 (position 485 of Tc Hop2-rf1 in Fig. 1b) , the ORF (TcHop2-rf1) lacks the clusters seen in the putative T. brucei TbHop (XP_825513) and T. cruzi TcHop1 (EAN97552). The end of DP2 is not compatible with the end of Hop, as the hydrophobic clusters are completely different; the correct cluster shapes (as seen in TcHop1 and TbHop) can be recovered by shifting the frame of TcHop2 gene to the position seen in rf3. As shown in Fig. 1b , the reading frame 3 (TcHop2-rf3) encodes the C-terminal 485-553 aa of TcHop2 with hydrophobic clusters of very similar shapes to the ones from TbHop and TcHop1. It is then feasible to hypothesize, once more, that a frameshift mutation (actually a G nucleotide deletion) has distorted the C-terminal end of TcHop2. TcHop1 and TcHop2 have a 98% identity, excluding the DP2 domain. A multiple alignment of DP1 with DP2 domains for human, soybean, and T. cruzi is available in Electronic supplementary material.
Genomic coevolution of TPR and DP domains, as a whole recombination unit
To understand why there are internal repeats in TPR proteins, it has been argued that convergent evolution is not feasible because of the high conservation of these domains (Andrade et al. 2001 ). Thus, one can imagine the occurrence of chromosomal rearrangements and recombination events such as gene duplication, exon duplication, and exon shuffling (Long 2001) .
Evidence of rearrangements can be seen in Hop proteins coded for multigene families, the result of gene duplication. In the case of the A. thaliana genome (Rhee et al. 2003) , at least two loci are involved, in chromosomes 1 (F23N19.10) and 4 (T1P17.2). Several hop genes have also been identified by southern hybridization in the soybean genome (unpublished data). We have found, by screening genomic databases (HGP bank) with BlastN (Altschul et al. 1990) , two loci in human, on chromosomes 11 and X (Hs11_34058 and HsX_11808, respectively), with 94% sequence identity, revealing that duplication of hop genes is a widespread phenomenon.
The hop gene contains multiple introns; this is a typical feature found in recombination (Long et al. 1995; Fedorova and Fedorov 2003) . In human intron VIII, the presence of an Alu element of type B2 (Batzer et al. 1996 ) is present, and this is often involved in recombination events which produce genomic diversity (Batzer and Deininger 2002) . Human hop gene includes multiple introns of phase 0, which is the most favorable for exon duplication or shuffling without modifying the reading frame (Fig. 2a) . According to Patthy (1985) , genes can exchange modules. In this paper, we define a module as a gene fragment surrounded by introns of phase 0 (Fig. 2) . Three major modules are present in the human hop gene: module 1 corresponds to coding regions for TPR1, DP1, and a hinge of charged residues; module 2 corresponds to the largest part of TPR2A (the C-terminal 7 aa are missing in this module and predicted by homology modeling to rest outside the last helix); module 3 corresponds (including the 7 aa of the previous domain) to the TPR2B domain (although missing the 15 C-terminal aa, corresponding to the whole C helix). TPR2A does not include a DP domain and is surrounded by phase 0 introns. As there is no DP domain at the C-terminal end of the TPR2A domain, one can argue that TPR2A might originate from a partial duplication of an ancestral module present in prokaryotes and containing both the TPR and the DP domains, such as TPR1. In some species such as Drosophila melanogaster, the duplication may have lost the largest part of the DP1 domain (Carrigan et al. 2005) .
Hip (Hsp70 interacting protein), another DP domain-containing protein
Hip, another co-chaperon that contains an ATPase binding domain, binds the ATPase domain of Hsc70 but does not bind Hsc90. Hip induces the Hsc70-ADP state that presents a high affinity for the peptide substrate (Irmer and Höhfeld 1997) . When the Hop TPR1 and DP1 domains are used as query sequences in a BLAST search, the Hip C-terminal sequence is retrieved with a level of sequence identity around 22%. It is known that hip gene contains one TPR and one DP domain, connected by a highly charged 50 aa hinge region. In Fig. 3 , we show an HCA alignment of Hop and Hip TPR-DP domains. The Human TPR1, TPR2B, and Hip all end with a DP domain containing well-conserved hydrophobic clusters. A hinge region comprised of highly charged aa (E, K, D, R) with a high content of prolines is found at the end of TPR1 as well as between Hip TPR and DP domains. Nothing is currently known about the importance of these domains for Hop or Hip activity.
We performed an analysis of the exon-intron structure of hip, as shown in Fig. 2b . Hip gene is long and complex in human, composed of 12 small exons and 11 large introns altogether extending over 32 kb. The TPR-containing module is surrounded by phase 0 introns, potentially arising from exon shuffling in evolution (Patthy 1987 (Patthy , 1999 (Patthy , 2003 . The highly charged hinge region and possibly one DP domain are also surrounded by phase 0 introns, suggesting that they can also recombine separately from the TPR domain. Nevertheless, it is plausible to consider that the entire TPR-DP module is able to recombine as a single unit, which is bordered by phase 0 introns (introns IV to XI or a downstream point of recombination). Sequence identity between human Hop (NP_006810) and mouse Hop (NM_016737) is 97%, and 93% between human Hip (NP_003923) and mouse Hip (NM_133726). Gene organization, in terms of phase, is strictly identical between human and mouse for both Hop and Hip. Do GerD and the eukaryotic Hop and Hip proteins share a common ancestor?
Since the discovery of TPR proteins, it was established that tetratricopeptide motifs are also present in bacteria (D'Andrea and Regan 2004); nevertheless, a prokaryotic counterpart of Hop or Hip proteins has not been reported. However, GerD protein (germination response), whose activity is essential for the germination of B. subtilis spores in media-containing asparagine, glucose, and fructose, is associated to Hop in Interpro database because of the presence of homologous DP domains. We show in Fig. 3 a HCA the alignment of human Hop and Hip TPR-DP domains with GerD from B. subtilis. We propose that GerD contains putative TPR-DP-hinge domains seen from the hydrophobic cluster shape and number similarities between DP domains linked to TPR1 and TPR2B (the conserved regions of the clusters are greyshaded on Fig. 3 ). Even with a low sequence identity, the conserved shapes of the clusters, in conjunction with the strict sequence identities in close proximity to the clusters, are a clear indicator of the correct alignment. From this alignment, we found significant sequence identities between the N-terminal part of GerD and the TPR domains of Hop (14% with TPR1, 19% with TPR2A, 14% with TPR2B) and 16% with that of Hip.
The highly charged or polar hinges located at the end of DP1 of Hop, between TPR and DP domains of Hip and at the end of DP domain of GerD, have a preference for residues E, K, D, Q, S, and T. Although the B. subtilis hinge is short (20 aa), it can, in other Bacillus species, be up to 10 aa longer. We can postulate that GerD represents an evolutionary reminiscence of a single TPR-DP-hinge module and that Hip and particularly Hop proteins, originated from successive duplications or recombinations of that recombinable multidomain array. The domain distribution for G. max, T. cruzi, and GerD is provided as a scheme in Fig. 2c .
Discussion
Are DP1 and DP2 essential for Hop activity?
The first intriguing evidence that a DP domain is not necessary for Hop activity came from D. melanogaster, (Carrigan et al. 2005) . Recently, an exhaustive genetic analysis of the minimal fragments of STI1 required for in vivo activity resulted in three main conclusions: (1) "results indicate that TPR1 and DP1 are dispensable for some but not all in vivo functions of Sti1"; (2) "TPR1, DP1, and DP2 are dispensable for Hsp90 interaction," and (3) "In contrast with previous studies with Hop, deletion of DP2 or a point mutation within DP2 did not inhibit the Hsp70 interaction. The reason for this difference is unknown and may reflect species-specific differences" (Flom et al. 2007) . It is clear that multiple isoforms of Hop exist in the eukaryotic cell (Honoré et al. 1992 ) with diverse functions that remain poorly characterized (Odunuga et al. 2004 ). The hop gene from Cenorhabditis elegans does not contain TPR1 + DP1 domains (Flom et al. 2006 ); thus, it is possible to conclude that Hop isoforms are responsible for independent functions and that each of these functions does not require the presence of the entire TPR and DP domains. This assumption could explain the existence of mutant alleles of Hop such as in G. Max and T. cruzy which lack DP1 or DP2 but are expressed and functional.
Another argument that can derive from these observations is that DP segments have a structural role rather than a functional one, such as linking successive TPR domains. It may be argued that the DP domain is actually a globular domain, containing standard density of hydrophobic residues with a presumable nucleus, as our MIR simulations show. Although the respective DP regions of Hop and Hip are similar, they are not functionally interchangeable. For instance, a double point mutation that converts the second DP domain of Hop into the sequence found in Hip disrupts Hop function, while the corresponding mutation in Hip does not alter its function. DP domains are, therefore, structural elements within a C-terminal domain since their truncation arrests maturation of receptor complexes (Nelson et al. 2003) . In the same work, chimeras were constructed by swapping the DP domains of Hop and Hip; these tail swap chimeras are impaired in their ability to assemble into complexes with their receptors. Interestingly, point mutations in the Hop DP repeats render C-terminal regions hypersensitive to proteolysis. We can conclude that the DP domains play an important structural role in maintaining the compact folding of a C-terminal domain. The function of DP is now unclear, although the globular nature is presumably correct as a large number of residues are predicted to be included in the folding nucleus, as predicted MIR simulations (data not shown).
TPR-DP-hinge module as a precursor of Hop, Hip, and GerD Domain combination in a single protein and development of new genes have been explained by genetic events such as exon shuffling, in particular, by modules surrounded by phase 0 introns (Long 2001; Patthy 2003) . Taking into account the exceptional similarities in domain composition among hop, hip, and GerD, it is reasonable to assume that a common ancestor is at the origin of the three proteins. From the presented results, we are now in a position to propose an evolutionary model. We propose that there were two domains, called TPR and DP-hinge that were able to constitute a single recombinant module. The new open reading frame by itself was able to acquire new functions in bacteria, giving rise to the protein we know in the present day as GerD. At a given moment in the evolution, the ancient module gained multiple introns, mainly of phase 0. A series of gene duplication, incomplete recombination, and exon shuffling events between homologous modules occurred resulting in a protein of three repeated units in the primitive eukaryote. As a consequence of partial recombination of the DNA segments surrounded by introns of the same phase, the primitive Hop suffered a loss of the DPhinge domain in module 2. Introns sharing the same phase, i.e., phase 0, were crucial to maintain in frame the new coding sequence. In the case of Hip, it gained the entire module and included a tandemly repeated stretch of FPGG between the two domains. Now, it is clear that Hop proteins exhibit an unusual variability between species. GMSTI and TcHop2 have lost the DP1 and DP2 domains, respectively, because of frame shifts. D. melanogaster Hop protein does not contain DP1 domain, and in C. elegans Hop, TPR1 and DP1 are absent. It is possible that the Hop protein today has not lost all unnecessary sequences, and then it may continue to evolve and lose some domains such as DP1 or DP2. If this is the case, we will be able to discover in nature new intriguing Hop functional isoforms and alternatively, we could produce them in the laboratory and verify whether or not they maintain their activity intact.
